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ABSTRACT 

The NASA OAST Propulsion, Power, and Energy Division supports an electric 
propulsion program aimed at providing benefits to a broad class o f  missions. 
Concepts which have the potential to enable or significantly benefit space 
exploration apd exploitation are identified and advanced toward applications 
in the near and far term. This paper summarizes recent program progress in 

propulsion technologies; and in propulsion/spacecraft integration. 
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INTRODUCTION 

Prospects now appear high for broad acceptance and application of electric 
propulsion systems (ref. 1 ) .  Low power, pulsed plasma thrusters are utilized 
for precise orbit control on Navy NOVA spacecraft (ref. 2 ) ,  and 500-W class 
electrothermal (resistojet) hydrazine thrusters are used on geosynchronous com- 
munications satellites (ref. 3). Electrostatic (ion) propulsion is planned 
for its first operational use on the Japanese Engineering Test Satellite VI 
(ref. 4). The successful operation of these systems has led to increased user 
confidence, and further operational use of electric propulsion appears 
i mmi nent. 

Electrothermal propulsion is currently performing North-South station- 
keeping (NSSK) on a number of geosynchronous satellites and will be used for 
the space station and man-tended platforms (ref. 5). The electrothermal auxil- 
iary propulsion program includes the development o f  resistojets for high spe- 
cific impulse and for long life compatibility with multiple propellants. 
Arcjets are being developed to provide increased life for high power geosyn- 
chronous satellites. Power electronics technology is required for all of 
these concepts and is, therefore, an integral part of the program, as it is 
also in the electrostatic and electromagnetic areas. 



The N a t i o n a l  Commission on Space advocated a number o f  c h a l l e n g i n g  m i s -  
s ions ,  such as a r e t u r n  to  t h e  Moon, unmanned and manned e x p l o r a t i o n  of Mars 
and i t s  moons, and unmanned s c i e n t i f i c  e x p l o r a t i o n  o f  t h e  r e s t  o f  t h e  s o l a r  
system ( r e f .  6 ) .  Many o f  these m iss ions  would be enhanced, and some would be 
enabled by h i g h  s p e c i f i c  impu lse  e l e c t r i c  p r o p u l s i o n .  To p e r f o r m  t h e  cha l l eng -  
i n g  f u t u r e  miss ions ,  h i g h  power and h i g h  s p e c i f i c  impu lse  systems w i l l  be 
r e q u i r e d .  Candidate systems i n c l u d e  e l e c t r o s t a t i c  ( i o n )  and e l e c t r o m a g n e t i c  
(magnetoplasmadynamic or MPD) engines,  w i t h  e l e c t r o d e l e s s  approaches rep resen t -  
i n g  a l onger  term p o s s i b i l i t y .  To pe r fo rm these c h a l l e n g i n g  f u t u r e  m iss ions ,  
t h e  t o t a l  impulse c a p a b i l i t y  must be advanced from t h e  c u r r e n t l y  demonstrated 
106 N-s f o r  bo th  i o n  and MPD engines t o  a t  l e a s t  l o 8  N-s.  There a r e  a l s o  many 
p o t e n t i a l  a p p l i c a t i o n s  f o r  h i g h  e l e c t r i c  p r o p u l s i o n  a t  t h e  tens  o f  k i l o -  
w a t t s  a v a i l a b l e  from l a r g e  s o l a r  power systems. For example, a USAF s tudy  has 
shown a h i g h  p o t e n t i a l  payo f f  f o r  a s o l a r  e l e c t r i c  o r b i t  t r a n s f e r  v e h i c l e  f o r  
t h e  d e l i v e r y  o f  s a t e l l i t e  c o n s t e l l a t i o n s  t o  t h e i r  o p e r a t i o n a l  o r b i t s  ( r e f .  7 ) .  

Isp 

M I S S I O N  AND SYSTEM ANALYSES 

Miss ion  analyses c o v e r i n g  s p a c e c r a f t  from sma l l ,  so lar -powered ( r e f s .  8 
and 9) to  l a r g e ,  megawatt nuclear-powered s p a c e c r a f t  ( r e f s .  10 t o  14) show 
enhancing to  enab l i ng  l e v e l s  of c a p a b i l i t y  f o r  e x p l o r a t i o n  o f  t h e  p l a n e t s  and 
beyond. The Lunar G e t  Away Spec ia l  (LGAS) s tudy  ( r e f .  8) cons idered a t i n y  
180 k g  demonst ra t ion  spacec ra f t ,  w i t h  one i n s t r u m e n t  and a 1 .5  kW s o l a r  a r r a y ,  
u s i n g  i o n  p r o p u l s i o n  for t r a n s p o r t a t i o n  from low E a r t h  o r b i t  (LEO) t o  l u n a r  
o r b i t .  The LGAS m i s s i o n  would c a r r y  one i n s t r u m e n t ,  n o m i n a l l y  an A p o l l o  gamma 
r a y  spect rometer ,  and would c a r r y  36 k g  o f  xenon p r o p e l l a n t  i n  a s p a c e c r a f t  
t h a t  f i t s  w i t h i n  a G e t  Away Spec ia l  (GAS) c a n i s t e r  and has a t o t a l  w e t  mass o f  
149 kg .  The Thousand As t ronomica l  U n i t  E x p l o r e r  (TAU)  s tudy  cons ide red  a 
mul t imegawat t  nuclear-powered e l e c t r i c  p r o p u l s i o n  system t o  reach 1000 au i n  
50 years ( r e f .  10). Both o f  these s p a c e c r a f t  accompl ish  t h e  m i s s i o n  p r o p u l s i o n  
w i t h  a minimum p r o p e l l a n t  mass and, thereby ,  maximize t h e  sc ience pay loads a t  
t h e  d e s t i n a t i o n s .  The Comet Rendezvous A s t e r o i d  F l y b y  (CRAF) m i s s i o n  was s tud-  
i e d  w i t h  an i o n  p r o p u l s i o n  system added t o  a s p a c e c r a f t  and m i s s i o n  des igned 
i n i t i a l l y  for chemical p r o p u l s i o n .  Even though the  m i s s i o n  and sc ience  package 
w e r e  n o t  op t im ized  f o r  use o f  e l e c t r i c  p r o p u l s i o n ,  t h e  n e t  e f f e c t  was t o  reduce 
t r i p  t ime by th ree  yea rs  and inc rease  t h e  l aunch  mass marg in  by 600 k g  
( r e f .  13) .  

An i o n  t h r u s t e r  s y s t e m  f o r  p l a n e t a r y  m iss ions  has r e c e n t l y  been des igned 
and i s  undergoing e n g i n e e r i n g  t e s t s  ( r e f .  15 ) .  The f o c u s  o f  these a c t i v i t i e s  
i s  on r e d u c t i o n  o f  system c o m p l e x i t y ,  w i t h  t h e  goal  o f  r e d u c i n g  t h e  c o s t  o f  
development and f l i g h t  q u a l i f i c a t i o n .  
a ted  i n  t e r m s  of m i s s i o n  impact  ( r e f .  16 ) .  

Proposed des ign  changes we a l s o  eva lu -  

A range o f  so la r -  and nuclear-powered E a r t h  o r b i t a l  m iss ions  have been 
s t u d i e d  and show cost/mass r e d u c t i o n  b e n e f i t s  ( r e f s .  7, 17 and 18) .  For a u x i l -  
i a r y  p r o p u l s i o n ,  bo th  i o n  engines ( r e f .  1 7 )  and a r c j e t s  ( r e f .  18) show m i s s i o n  
b e n e f i t s  by ex tend ing  t h e  l i f e  of communications s a t e l l i t e s .  
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E LECTROTH ERMAL 

N A S A ' s  e l e c t r o t h e r m a l  a u x i l i a r y  p r o p u l s i o n  techno logy  program ( r e f .  19) 
i n c l u d e s  t h e  development of o p t i o n s  for h i g h  s p e c i f i c  impu lse  ( a r c j e t ) ,  and 
h i g h  th rus t - to -power  r a t i o  ( r e s i s t o j e t s ) .  Th i s  paper w i l l  d i s c u s s  p rog ress  
( p r i m a r i l y  s ince  p u b l i c a t i o n  of r e f .  19) on hyd raz ine  a r c j e t s  fo r  Ear th -  
o r b i t a l  s a t e l l i t e s  and p la t fo rms  w i t h  s u f f i c i e n t  power, h igh-per formance 
s t o r a b l e  p r o p e l l a n t  r e s i s t o j e t s  for power l i m i t e d  a p p l i c a t i o n s ,  water  r e s i s -  
t o j e t s  f o r  man-tended p la t fo rms ,  and mu1 t i - p r o p e l  l a n t  r e s i s t o j e t s  for  t h e  
space s t a t i o n .  

High Performance R e s i  s t o j e t s  

To advance s t o r a b l e  p r o p e l l a n t  r e s i s t o j e t s  beyond t h e  c u r r e n t  s t a t e - o f -  
t h e - a r t  300-sec m i s s i o n  average s p e c i f i c  impulse ( r e f .  201, seve ra l  e f f o r t s  
have been under taken.  Improved heat exchanger performance, l o n g e r - l i f e  h i g h e r -  
temperature hea te rs  ( r e f .  21) ,  and improved n o z z l e  performance ( r e f s .  22 and 
23) a r e  be ing  sought. The impor tance of h i g h - q u a l i t y  f a c i l i t i e s  f o r  e v a l u a t i n g  
r e s i s t o j e t  performance has been demonstrated ( r e f .  24) .  I t  has been shown 
t h a t  i n c r e a s i n g  f a c i l i t y  background p ressu re  i nc reases  t h e  c o n v e c t i v e  h e a t  
l osses  from t h e  engine,  r e s u l t i n g  i n  decreased performance, as shown i n  
f i g u r e  1 .  

Water R e s i  s t o j e t s  

I n t e r e s t  i n  water  r e s i s t o j e t s  developed as a s p i n - o f f  to  t h e  space s t a t i o n  
m u l t i - p r o p e l l a n t  r e s i s t o j e t  development. For man-tended, s h u t t l e - s e r v i c e d  
p l a t f o r m s  such as t h e  I n d u s t r i a l  Space F a c i l i t y  ( I S F ) ,  ease and s a f e t y  o f  p ro-  
p e l l a n t  r e s u p p l y  and ground hand l i ng  o p e r a t i o n s  a r e  c r i t i c a l  i ssues ,  which 
leads  t o  the  i n t e r e s t  i n  water  as a p r o p e l l a n t .  Wi th  a r e s i s t o j e t  capab le  o f  
steam o p e r a t i o n  a l r e a d y  b e i n g  developed for t h e  space s t a t i o n ,  water  r e s i s t o -  
j e t s  were b a s e l i n e d  f o r  t h e  I S F  ( r e f .  25) .  T h i s  n e c e s s i t a t e d  t h e  development 
o f  a z e r o - g r a v i t y  steam genera to r  when i t  was de termined t h a t  a v a i l a b l e  steam 
genera to rs ,  such as t h a t  developed for  t h e  Manned O r b i t i n g  L a b o r a t o r y ,  d i d  n o t  
p e r f o r m  s t a b l y  and r e l i a b l y  and t h a t  o p e r a t i o n  of t h e  space s t a t i o n  r e s i s t o j e t  
w i t h  l i q u i d  water  feed  cou ld  be q u i t e  u n s t a b l e  ( r e f .  26 ) .  A cyc lone  steam gen- 
e r a t o r  ( f i g .  2)  was developed a f t e r  e v a l u a t i o n  of a number of b o i l e r  concepts 
s t u d i e d  fo r  space power s y s t e m  a p p l i c a t i o n s .  F u r t h e r  development o f  t h i s  con- 
cep t  l e d  t o  an i n t e g r a t e d  v a p o r i z e r / r e s i s t o j e t  u t i l i z i n g  a s i n g l e  h e a t e r  as 
desc r ibed  more f u l l y  i n  r e f e r e n c e  2 7 .  T h i s  concept  i s  shown i n  f i g u r e  3; t h e  
l i q u i d  water  i s  s w i r l e d  t o  t h e  o u t e r  w a l l  and b o i l e d  by h e a t  r a d i a t e d  from t h e  
c e n t r a l  hea te r  which a l s o  heats  the  r e s i s t o j e t  by conduc t ion .  Losses a r e  
reduced s ince  the  o u t e r  w a l l  operates a t  temperatures below s a t u r a t i o n .  T h i s  
des ign  a l s o  overcomes the  many s t a b i l i t y  and phase s e p a r a t i o n  problems t y p i -  
c a l l y  encountered i n  z e r o - g r a v i t y  b o i l e r s .  

M u l t i p r o p e l l a n t  R e s i s t o j e t s  

A s  p r e v i o u s l y  mentioned, m u l t i p r o p e l l a n t  r e s i s t o j e t s  have been b a s e l i n e d  
on t h e  space s t a t i o n .  The requi rements for space s t a t i o n  p r o p u l s i o n  a re  q u i t e  
d i f f e r e n t  f rom most o t h e r  p r o p u l s i o n  a p p l i c a t i o n s  i n  t h a t  l o n g  l i f e  and i n t e -  
g r a t i o n  f e a t u r e s  a re  much more impor tan t  than performance ( r e f s .  28 t o  30). 
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U t i l i z i n g  space s t a t i o n  wastes as p r o p e l l a n t  min imizes  r e s u p p l y  requ i remen ts ,  
and may e l i m i n a t e  t h e  need t o  r e t u r n  some wastes.  G r a i n - s t a b i l i z e d  p l a t i n u m  
was s e l e c t e d  as the t h r u s t e r  m a t e r i a l  f o l l o w i n g  a s e r i e s  of p r o p e l l a n t /  
m a t e r i a l  c o m p a t i b i l i t y  t e s t s  ( r e f s .  31 and 32) and conf i rmed by  a 2000-hr cy- 
c l i c  l i f e  t e s t  of a l a b o r a t o r y  model t h r u s t e r  ( r e f .  33).  Performance c h a r a c t -  
e r i s t i c s  on a w i d e  range of p o s s i b l e  p r o p e l l a n t s  have been o b t a i n e d  on an eng i -  
n e e r i n g  model t h r u s t e r  ( r e f .  261, and l o n g  t e r m  l i f e  t e s t s  a re  underway w i t h  
6100 h r  and 83 thermal c y c l e s  demonstrated t o  da te .  A power c o n t r o l l e r  was 
developed t o  enable the  t h r u s t e r  t o  o p e r a t e  on  t h e  h i g h  f requency  power t o  be 
p r o v i d e d  on t h e  space s t a t i o n  ( r e f .  34).  To f a c i l i t a t e  the  i n t e g r a t i o n  o f  
t h i s  techno logy  on the  space s t a t i o n ,  p r o p e l l a n t  and f e e d  systems o p t i o n s  were 
assessed ( r e f .  35) and i n t e r f a c e s  de f ined ( r e f .  36).  The exhaust  plumes o f  
t h e  t h r u s t e r s  a re  of concern because o f  p o t e n t i a l  e f fec ts  on sensors and exper-  
iments and p o t e n t i a l  a t t e n u a t i o n  o f  s i g n a l s  p r o p a g a t i n g  th rough the  plume, as 
d iscussed i n  a l a t e r  s e c t i o n .  

Arc j e  t s 

A r c j e t s  o f f e r  a v e r y  s i g n i f i c a n t  ( g r e a t e r  than 50 pe rcen t )  per formance 
inc rease  ove r  s ta te -o f - the-ar t  a u x i l i a r y  p r o p u l s i o n ,  and the reby  p r o v i d e  s i g -  
n i f i c a n t  mass savings for s p a c e c r a f t  w i t h  s u f f i c i e n t  power. Over t h e  p a s t  f ew  
yea rs ,  a r c j e t  technology has advanced from i t s  s t a t u s  i n  t h e  l a t e  1960 's ,  when 
work was te rm i  nated due t o  i n s u f f i  c i e n t  power ava i  1 ab i  1 i t y  on s p a c e c r a f t  and 
l a c k  o f  f i r m  miss ion  requ i rements ,  to  i t s  p r e s e n t  near  f l i g h t - r e a d y  s t a t u s .  
Because o f  t h e  broad range o f  a p p l i c a t i o n s  and t h e  p o t e n t i a l  b e n e f i t s  f o r  a 
number o f  NASA and USAF miss ions ,  t h e  A i r  Force  A s t r o n a u t i c s  Labora to ry  (AFAL) 
and t h e  NASA Lewis Research Center  (NASA Lewis)  have agreed t o  pursue a j o i n t  
research  and technology program ( r e f .  37) .  The main focus  o f  t h e  NASA program 
i s  on low power t h r u s t e r s  f o r  s t a t i o n k e e p i n g  a p p l i c a t i o n s .  The power a v a i l a b l e  
f o r  a u x i l i a r y  p r o p u l s i o n  on communications s a t e l l i t e s  i s  c u r r e n t l y  l i m i t e d  t o  
about  0.5 t o  3.0 kW. 
t h a t  power range should p r o v i d e  s i g n i f i c a n t  b e n e f i t s  t o  t h e  use r  community. 
The s i m p l i c i t y  of  t h e  a r c j e t  system and i t s  e lements o f  commonali ty w i t h  
s t a t e - o f - t h e - a r t  hydraz ine  r e s i s t o j e t  systems o f f e r  a r e l a t i v e l y  low r i s k  t r a n -  
s i t i o n  t o  s i g n i f i c a n t l y  enhanced per formance l e v e l s .  Success fu l  per formance 
o f  a r c j e t s  i n  such a p p l i c a t i o n s  shou ld  v a l i d a t e  per formance and i n t e g r a t i o n  
approaches and increase the  l i k e l i h o o d  t h a t  t h e  l a r g e  b e n e f i t s  o f  a r c j e t s ,  and 
o t h e r  e l e c t r i c  t h r u s t e r s ,  may be r e a l i z e d  f o r  many o t h e r  m iss ions .  

A r c j e t  t h r u s t e r s  ope ra ted  w i t h  s t o r a b l e  p r o p e l l a n t s  i n  

The modern (1980 's )  a r c j e t  program was i n i t i a t e d  w i t h  a 1-kW a r c j e t ,  o r i g i -  
n a l l y  des igned i n  t h e  l a t e  1960 's  f o r  a s h o r t  f l i g h t  t e s t  u s i n g  hydrogen p ro -  
p e l l a n t  ( r e f .  38). Rapid e r o s i o n  was observed,  and s t a b i l i t y  problems l i m i t e d  
o p e r a t i o n s ,  b u t  the performance r e s u l t s  i n d i c a t e d  t h a t  b e n e f i c i a l  performance 
l e v e l s  c o u l d  be ob ta ined w i t h  s t o r a b l e  p r o p e l l a n t s .  S t a b i l i t y  and power p roc-  
essor  i n t e g r a t i o n  i ssues  have been s u c c e s s f u l l y  addressed ( r e f s .  39 and 40) .  
S t a r t  up and t r a n s i t i o n  t o  s teady -s ta te  o p e r a t i o n  a r e  now r e p e a t a b l e  and 
nondamaging ( re f s .  41 and 42) .  To demonstrate s t a r t i n g  r e l i a b i l i t y  and t h e  
p o t e n t i a l  for pulsed mode o p e r a t i o n ,  o v e r  1 1  000 pu lses  ( 3  sec on and 3 sec 
o f f )  were demonstrated ( r e f .  43).  
addressed, ( r e f s .  41 and 42) i n d i c a t i n g  t h e  p o t e n t i a l  f o r  necessary m i s s i o n  
l i f e .  A s p e c i f i c  impu lse  as h i g h  as 729 sec was o b t a i n e d  w i t h  hyd raz ine  i n  a 
conven t iona l  c o n s t r i c t e d  a r c  des ign ,  ( r e f .  44) and o t h e r  t e s t s  w i t h  mixed gas 
p r o p e l l a n t s  ( r e f .  45) con f i rm  t h e  h i g h  s p e c i f i c  impu lse  p o t e n t i a l  of t h i s  

L i f e  i ssues  have a l s o  been s u c c e s s f u l l y  
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approach. However, t he  r e s u l t s  f rom t e s t i n g  an approach i n c o r p o r a t i n g  a m i x -  
i n g  chamber i n tended  t o  improve e f f i c i e n c y  gave r e l a t i v e l y  poor  per formance 
( r e f .  46) .  S ince the  performance and l i f e  o f  hyd raz ine  p r o p u l s i o n  systems, 
i n c l u d i n g  a r c j e t s ,  a r e  dependent on t h e  c a t a l y t i c  gas genera to r ,  an exper iment  
was conducted t o  de termine t h e  v a r i a t i o n  i n  o u t p u t  compos i t i on  as a f u n c t i o n  
o f  t ime  ( r e f .  47) .  I n  28 h r  of t e s t i n g  o v e r  a 3 month i n t e r v a l ,  t h e  c a t a l y s t  
bed e f f i c i e n c y  inc reased r a p i d l y  w i t h  i n c r e a s i n g  tempera ture  (wh ich  i s ,  i n  
t u r n ,  f low dependent) for temperatures below 450" C and remained e s s e n t i a l l y  
cons tan t ,  w i t h  about  1 1  pe rcen t  NH3 a t  h i g h e r  tempera tures .  

Based on these successes, a long-term, autonomous c y c l i c  l i f e  t e s t  was 
i n i t i a t e d  ( r e f .  48) and r e c e n t l y  s u c c e s s f u l l y  completed ( r e f .  49).  Over 500 
c y c l e s  o f  2 h r  d u r a t i o n  were performed a t  a s p e c i f i c  impu lse  and power l e v e l  
o f  about  450 sec and 1.2 kW, r e s p e c t i v e l y .  The l i f e  t e s t  t h r u s t e r  i s  shown i n  
f i g u r e  4, and i t s  s p e c i f i c  impulse versus th rus t - to -power  r a t i o  c h a r a c t e r i s -  
t i c s  a r e  shown i n  f i g u r e  5. Typ ica l  per formance h i s t o r i e s  o f  seve ra l  c y c l e s  
a r e  shown i n  f i g u r e  6. No s i g n i f i c a n t  changes were seen th roughou t  t h e  t e s t .  
A t  t h e  des ign  c u r r e n t  of 11 A,  t h e  s p e c i f i c  impulse v a r i a t i o n  was l e s s  than 
2 p e r c e n t  ove r  t h e  d u r a t i o n  o f  t h e  t e s t ,  w h i l e  t h e  v o l t a g e  rose  g r a d u a l l y  t o  
110 p e r c e n t  o f  i t s  o r i g i n a l  101 V .  The t e s t  was v o l u n t a r i l y  t e r m i n a t e d  w i t h  
the  t o t a l  f i r i n g  t ime  s i m u l a t i n g  20 yea rs  o f  s e r v i c e  on a communications sa te1  
l i t e .  
ode mass l o s s  of o n l y  6 mg was measured. 

The e l e c t r o d e s  were s t i l l  i n  e x c e l l e n t  c o n d i t i o n  ( f i g .  7 )  

Advanced E l e c t r o d e l e s s  Concepts 

E l e c t r o d e l e s s  t h r u s t e r  concepts o f f e r  t h e  p o t e n t i a l  f o r  v e r y  
c o u p l i n g  e f f i c i e n c y ,  and are ,  t h e r e f o r e ,  o f  g r e a t  i n t e r e s t  f o r  h 

and a ca th-  

h i g h  energy 
gh power sys- 
o th rough  tems ( r e f s .  50 t o  56) .  

microwave f r e q u e n c i e s  t o  p r o v i d e  e l e c t r o t h e r m a l ,  c y c l o t r o n  resonance, or 
i o n - c y c l o t r o n  resonance h e a t i n g  o f  the  p r o p e l l a n t .  L i m i t a t i o n s  imposed by 
e l e c t r o d e  e r o s i o n  i n  o t h e r  e l e c t r i c  t h r u s t e r s  may be avo ided.  NASA i s  e v a l u a t -  
i n g  t h e  microwave e l e c t r o t h e r m a l  t h r u s t e r ,  which absorbs t h e  a p p l i e d  power i n  

E lec t romagnet ic  energy i s  a p p l i e d  a t  r a d  

.. . . . . . .  _ _  . .  . _ .  - .  
a plasma d i scha rge  and heats  the  gas p r o p e l l a n t  by h i g h  p ressu re  t h e r m a l i z a -  
t i o n .  Advantages i n c l u d e  h i g h  e f f i c i e n c y  power a b s o r p t i o n  and convers ion ;  
h i g h  power d e n s i t y ;  and e x t e r n a l  c o n t r o l  of d i scha rge  l o c a t i o n ,  shape, and v o l -  
ume. 

ELECTROSTATIC 

E l e c t r o s t a t i c  ( i o n )  p r o p u l s i o n  i s  t h e  h i g h e s t  s p e c i f i c  impulse o p t i o n  w i t h  
s u f f i c i e n t  t e c h n i c a l  m a t u r i t y  to be cons ide red  f o r  near- term a p p l i c a t i o n s .  
B e n e f i t s  have been i d e n t i f i e d  for both p r i m a r y  ( r e f s  7, 9, 13 and 14) and aux- 
i l i a r y  p r o p u l s i o n  ( r e f s .  4, 17 and 57) .  The techno logy  program i s ,  t h e r e f o r e ,  
focused on power l e v e l s  a p p r o p r i a t e  f o r  b o t h  s o l a r -  ( p r i m a r y  and a u x i l i a r y )  
and nuclear-powered (p r imary )  a p p l i c a t i o n s  ( r e f s .  17 and 58 t o  65) .  

An extended t e s t  of 567 h r  was conducted on a 30-cm d iamete r ,  d i v e r g e n t -  
f i e l d  i o n  t h r u s t e r  ( f i g .  8)  u s i n g  xenon p r o p e l l a n t  a t  a 10 kW power l e v e l  
( r e f .  58) .  P r imary  wear mechanisms were i d e n t i f i e d  so t h a t  l o n g - l i f e ,  h i g h  
power engines can be developed. Three mechanisms were i d e n t i f i e d :  nonun i fo rm 
e r o s i o n  on t h e  upstream s i d e  o f  the b a f f l e ;  o x i d a t i o n ,  deformat ion,  and c rack-  
i n g  o f  the  t a n t a l u m  cathode tube,  p robab ly  due t o  c o l d  s t a r t u p ,  b u t  p o s s i b l y  
r e l a t e d  t o  t h e  h i g h  p a r t i a l  pressure o f  water  i n  r e s i d u a l  f a c i l i t y  gases; and 

5 



charge exchange i o n  e r o s i o n  o f  t h e  a c c e l e r a t o r  g r i d .  
which was t h e  l i f e - l i m i t i n g  mechanism for 3 kW mercury i o n  t h r u s t e r s ,  was 
reduced g r e a t l y  ( f i g .  9 ) .  Based on t h e  e x p e r i m e n t a l l y  o b t a i n e d  e r o s i o n  da ta ,  
t h e  screen g r i d  l i f e  i s  p r o j e c t e d  t o  be o v e r  7000 h r .  
n i t r o g e n  t o  t h e  xenon p r o p e l l a n t  has been shown to  reduce e r o s i o n  by a f a c t o r  
o f  f o u r  ( r e f .  65). 

Screen g r i d  e r o s i o n ,  

A d d i t i o n  o f  one p e r c e n t  

S c a l i n g  o f  ion  engines to  l a r g e r  s i z e  i s  d e s i r a b l e  for n u c l e a r  c l a s s  power 
l e v e l s ,  and p r e l i m i n a r y  r e s u l t s  have been o b t a i n e d  ( r e f .  59) .  L a b o r a t o r y  and 
e n g i n e e r i n g  model 30-cm d iameter  t h r u s t e r s  w e r e  ope ra ted  w i t h  xenon p r o p e l l a n t  
ove r  a power range from 2 t o  20 kW. P r e l i m i n a r y  performance r e s u l t s  were a l s o  
o b t a i n e d  f o r  l a b o r a t o r y  model 50-cm d iameter  cusp- and d i v e r g e n t - f i e l d  t h r u s -  
t e r s  o p e r a t i n g  w i t h  b o t h  30- and 50-cm d iameter  i o n  o p t i c s  ove r  t h e  10 kW 
range. These r e s u l t s  r e p r e s e n t  t h e  f i r s t  o u t p u t  of a program aimed a t  
deve lop ing  s c a l i n g  techno logy  and, u l t i m a t e l y ,  n u c l e a r  c l a s s  i o n  eng ine  
sys t e m s  . 

ELECTROMAGNETIC 

The e lec t romagne t i c  p r o p u l s i o n  e f f o r t  i s  focused p r i m a r i l y  on magneto- 
plasmadynamic (MPD) t h r u s t e r s .  Both s e l f - f i e l d  and a p p l i e d - f i e l d  ( f i g .  10) 
t h r u s t e r s  a r e  be ing  i n v e s t i g a t e d  ( r e f s .  66 t o  73) .  Much o f  t h e  r e c e n t  
research  i n t o  t h e  fundamenta ls  o f  s e l f - f i e l d  t h r u s t e r s  has been conducted 
u s i n g  pulsed-mode r a t h e r  than cont inuous  o p e r a t i o n  ( r e f s .  66 to  68) .  
has r e c e n t l y  been completed on  t h e  per formance and l i f e  c h a r a c t e r i s t i c s  o f  
quas i -s teady  s t a t e  and cont inuous  MPD t h r u s t e r s  ( r e f .  69). High e f f i c i e n c y  i s  
r e q u i r e d  and values up t o  0.43 and 0.69 have been r e p o r t e d  for  hydrogen and 
l i t h i u m  p r o p e l l a n t s ,  r e s p e c t i v e l y .  O the r  p r o p e l l a n t s  show e f f i c i e n c i e s  i n  t h e  
0.10 t o  0.38 range a t  1000 to  4500 sec s p e c i f i c  impu lse .  H igh  thermal  e f f i -  
c i e n c i e s  a t  megawatt power l e v e l s  i n  p u l s e d  o p e r a t i o n  and low e l e c t r o d e  e r o s i o n  
r a t e s  have r e c e n t l y  been r e p o r t e d ,  i n d i c a t i n g  t h a t  MPD t h r u s t e r s  may be deve l -  
oped w i t h  s u f f i c i e n t  l i f e  and per formance fo r  extended, v e r y  h i g h  power mis- 
s ions .  H igh  power, con t inuous  o p e r a t i o n  has r e c e n t l y  been demonstrated a t  
NASA Lewis,  where an MPD a r c  t h r u s t e r  has been opera ted  a t  ove r  130 kW i n  b o t h  
s e l f -  and a p p l i e d - f i e l d  (0 .3  T)  modes ( f i g .  11) .  

A summary 

PROPULSION/SPACECRAFT INTEGRATION 

Because o f  the d i f f e r e n c e s  between e l e c t r i c  and chemical  p r o p u l s i o n  sys- 
t e m s ,  t h e r e  a r e  a number o f  i n t e g r a t i o n  i ssues  which must be r e s o l v e d  t o  t h e  
s a t i s f a c t i o n  o f  p o t e n t i a l  users ,  such as e l e c t r o m a g n e t i c  i n t e r f e r e n c e  ( E M I )  
and plume e f fec ts .  Plume c h a r a c t e r i s t i c s  d i f f e r  s i g n i f i c a n t l y  from those of 
chemical engines i n  t h a t  t he  exhaust  may be s l i g h t l y  t o  h i g h l y  i o n i z e d  and 
Reynolds numbers a r e  low. 

For t h e  m u l t i p r o p e l l a n t  r e s i s t o j e t s  b a s e l i n e d  on t h e  space s t a t i o n ,  t h e  
exhaust  plumes o f  t h r u s t e r s  a r e  o f  concern because o f  p o t e n t i a l  e f f e c t s  on sen- 
sors and exper iments and p o t e n t i a l  a t t e n u a t i o n  o f  s i g n a l s  p r o p a g a t i n g  th rough  
t h e  plume. A n a l y t i c a l  and exper imenta l  techn iques  have been developed,  
( r e f .  74)  and a p r e l i m i n a r y  assessment made o f  t h e  e f f e c t  o f  n o z z l e  geometry 
on plume c h a r a c t e r i s t i c s  ( r e f .  75) .  The e f f e c t  o f  a plume s h i e l d  has been 
eva lua ted  and found t o  be smal l  ( r e f .  7 6 ) .  
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A f t e r  t he  successfu l  demonstrat ion o f  a r c j e t  performance and l i f e ,  i t  was 
a p p r o p r i a t e  t o  i n i t i a t e  an i n v e s t i g a t i o n  o f  those t h r u s t e r / s p a c e c r a f t  i n t e g r a -  
t i o n  c h a r a c t e r i s t i c s  r e q u i r e d  t o  enable t h e  use of a r c j e t s  on o p e r a t i o n a l  
s p a c e c r a f t .  A p r e f i g h t  development e f f o r t  has been i n i t i a t e d  t o  m in im ize  t h e  
r i s k s  assoc ia ted  w i t h  f l i g h t  t e s t i n g  o f  an a r c j e t  t o  f a c i l i t a t e  t h e  achievement  
o f  o p e r a t i o n a l  s t a t u s .  Areas o f  concern a r e  thermal  l o a d i n g ,  exhaust  plume 
i n t e r a c t i o n ,  and b o t h  conducted and r a d i a t e d  e l e c t r o m a g n e t i c  i n t e r f e r e n c e .  
Thermal l o a d i n g  i s  a f u n c t i o n  o f  i n d i v i d u a l  system des ign  and plume c h a r a c t e r -  
i s t i c s .  E lec t romagnet ic  i n t e r f e r e n c e  ( E M I )  concerns a r e  b e i n g  addressed i n  
ground t e s t i n g ,  b u t  exper ience based on space t e s t s  w i t h  more h i g h l y  i o n i z e d  
plumes i n d i c a t e s  t h a t  any problems should be manageable ( r e f .  77) .  Exper iments 
have been conducted i n  a l a r g e  vacuum f a c i l i t y  t o  de termine a r c j e t  plume plasma 
c h a r a c t e r i s t i c s  u s i n g  Langmuir probes, and t h e  plumes were found t o  be l e s s  
than one percent  i o n i z e d  ( r e f s .  78 and 79 ) .  Based on these r e s u l t s ,  an a n a l y t -  
i c a l  s tudy  has been conducted o f  the communications impact  o f  a low power a rc -  
j e t  t h r u s t e r  by mode l ing  the  plume as a plasma s l a b .  
pa ths  which pass v e r y  near  t h e  a r c j e t  t h r u s t e r ,  t h e  impacts  o f  t r a n s m i s s i o n  
appear t o  be min imal  ( r e f .  80 ) .  

Except  f o r  p r o p a g a t i o n  

CONCLUDING REMARKS 

Wi th  the  ongoing success fu l  o p e r a t i o n a l  use of low power systems, a p p l i c a -  
t i o n s  o f  e l e c t r i c  p r o p u l s i o n  a r e  growing. For example, t h e  space s t a t i o n  has 
b a s e l i n e d  r n u l t i p r o p e l l a n t  r e s i s t o j e t s  f o r  d r a g  makeup. The NASA e l e c t r i c  p ro-  
p u l s i o n  program i s  advancing the  technology base f o r  e l e c t r o t h e r m a l ,  e l e c t r o -  
magnet ic ,  and e l e c t r o s t a t i c  p r o p u l s i o n  systems t o  suppor t  these developments, 
and i s ,  f u r the rmore ,  address ing  spacecraf t  i n t e g r a t i o n  i ssues  t o  f a c i l i t a t e  
a p p l i c a t i o n s  o f  e l e c t r i c  p r o p u l s i o n .  
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